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Edited by Lev KisselevAbstract Human tRNA
Lys
3 acts as a primer for the reverse tran-
scription of human immunodeﬁciency virus genomic RNA. To
form an initiation complex with genomic RNA, tRNA
Lys
3 must
reorganize its secondary structure. To provide a starting point
for mechanistic studies of the formation of the initiation com-
plex, we here present solution NMR investigations of human
tRNA
Lys
3 . We use a straightforward set of NMR experiments
to show that tRNA
Lys
3 adopts a standard transfer ribonucleic acid
tertiary structure in solution, and that Mg2+ is required for this
folding. The results underscore the power of NMR to reveal rap-
idly the conformation of RNAs.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: Transfer ribonucleic acid structure; Nuclear
magnetic resonance spectroscopy; HIV; Initiation complex1. Introduction
Transfer RNAs (tRNAs) are involved in many biological
processes beyond their function as adaptors in protein synthe-
sis. For example, tRNAs are used as co-factors for enzymatic
reactions [1]. Retroviruses use host tRNAs as primers for the
reverse transcription of their RNA genomes into DNA copies
that are subsequently integrated into the host DNA genome
[2,3]. The 3 0end of the tRNA provides the required 3 0OH to
allow elongation by retroviral reverse transcriptases. Human
immunodeﬁciency virus uses a host tRNA
Lys
3 as the speciﬁc pri-
mer for reverse transcription, which is selectively packaged in
the virion [4].
To form the initiation complex for reverse transcription,
tRNALys3 must undergo large conformational rearrangements
[5–8]. The 3 0end of the tRNA forms an 18 base-pair helix with
a complementary sequence near the 5 0end of human immuno-
deﬁciency virus (HIV) genomic RNA. Thus, the entire tRNA
acceptor and T stems must unfold for this interaction to occur
[9]. Additional interactions between tRNA and viral RNA
have been proposed, including a loop–loop interaction be-
tween the U-rich anticodon stem loop in the tRNA and anAbbreviations: tRNA, transfer ribonucleic acid; NMR, nuclear mag-
netic resonance; HSQC, heteronuclear single-quantum coherence;
TROSY, transverse relaxation optimized spectroscopy; NOE, nuclear
Overhauser eﬀect; HIV, human immunodeﬁciency virus
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tRNA anticodon have been proposed to stabilize this interac-
tion [5–7,10–12]. The roles of tRNA structure and stability, the
pathway of conformational rearrangements and the structures
of the ﬁnal RNA–RNA complex have not been established.
Secondary and tertiary structures of tRNA have been extre-
mely well studied over the past 30 years. The crystal structures
of yeast tRNAPhe and yeast tRNAAsp formed the basis for our
detailed understanding of RNA structure [13–18]. tRNAs form
the classic cloverleaf secondary structure that adopts an
L-shaped fold. The tertiary structure of tRNA is stabilized
by conserved core of tertiary interactions, which include major
groove base triples between the D-stem, and variable/U8
loops, as well as loop–loop interactions between the T- and
D-loops. The overall tertiary structure is stabilized by speciﬁc
Mg2+ binding, which decreases electrostatic repulsion where
four RNA strands converge [19–23]. Thermodynamic studies
have shown that the tRNA structure is highly stable, and
cooperatively unfolds in the absence of Mg2+ [24–31]. Modi-
ﬁed nucleotides, while not required for tRNA conformation,
contribute to the stability of tRNA folding [32,33].
Nuclear magnetic resonance (NMR) has long been a power-
ful tool to monitor tRNA folding and conformation. The ear-
liest studies of RNAs using NMR focused on the exchangeable
imino proton spectrum of natural tRNAs that could be ob-
tained in high yield [20,34–52]. The imino proton spectra of
various tRNAs were assigned, and used to probe the folding
and dynamics of tRNAs under diﬀerent solution conditions.
These solution experiments demonstrated that tRNAs can fold
with high monovalent ion concentrations in the absence of
divalent ions. Thermal unfolding proﬁles in the absence of
divalent ions show stepwise unfolding, with the D-stem–ter-
tiary interactions being least stable [37]. The results of these
pioneering early studies demonstrated the interplay of tertiary
and secondary structure, and conﬁrmed that NMR investiga-
tions of imino protons are a powerful probe of RNA structure.
Technical advances have greatly facilitated NMR investiga-
tions of biomolecules, including RNAs [53–55]. Higher mag-
netic ﬁeld strengths and improved probe technologies have
increased spectral resolution and signal to noise, allowing
investigations of larger RNAs at lower concentrations
[55,56]. Heteronuclear NMR, leveraging stable isotope label-
ing of RNAs with 13C and 15N, have greatly expanded the
range and type of NMR experiments that can be applied to
RNAs. In particular, studies on larger RNAs focus on
exchangeable proton resonances, which provide information
regarding secondary and tertiary interactions. Magnetization
transfer and simple heteronuclear single-quantum coherence
(HSQC)-type experiments allow assignment and identiﬁcationblished by Elsevier B.V. All rights reserved.
5308 E.V. Puglisi, J.D. Puglisi / FEBS Letters 581 (2007) 5307–5314of distinct resonances in a complex RNA, yielding assignments
of most exchangeable imino proton and many amino proton
resonances. With far more eﬀort, non-exchangeable base and
ribose resonances can be assigned, leading to detailed structure
determinations of RNAs as large as 20–30 kDa [56–59].
To probe tRNA conformation and stability, detailed struc-
ture determinations are not always required. We present here
a simple set of NMR experiments that allow analysis of tRNA
conformation and identify key features that conﬁrm tertiary
structure formation. We have applied these approaches to hu-
man tRNA
Lys
3 and demonstrate that this tRNA adopts a stan-
dard tRNA fold in solution, and does not populate alternate
folds to a signiﬁcant extent.
2. Materials and methods
2.1. NMR sample preparation
Human tRNA
Lys
3 was synthesized using in vitro transcription from
plasmid DNA by T7 RNA polymerase as described [60]. RNAs were
puriﬁed by preparative gel electrophoresis in order to have nucleotide
resolution at the 3 0end [32,61]. Gel bands were electroeluted and
RNA products were dialyzed as previously described [60]. All RNA
samples were prepared in 10 mM phosphate buﬀer, pH 6.5, 100 mM
NaCl. Molar extinction coeﬃcients for RNA were calculated from
the A260 values at 20 C by extrapolation from the values at 90 C.
Uniformly 15N labeled tRNA
Lys
3 was synthesized by transcription with
15N-labeled nucleotides prepared in-house using published protocols
[62].
2.2. NMR experiments
NMR data were acquired in the Stanford Magnetic Resonance Lab-
oratory (SMRL) using an Inova 800 MHzNMRspectrometer equipped
with triple resonance x, y, z-axis gradient probes. 1H, 13C, 15N assign-
ments were obtained using standard homonuclear and heteronuclear
methods optimized for RNA structure determination (RNAPack,
http://www.varianinc.com) following detailed published procedures
[54]. NMR data were processed with VNMR 6.1C (http://www.varian-
inc.com) and spectra were analyzed with SPARKY [63].
NMR experiments were performed in 10 mMNa phosphate, pH 6.5,
at the indicated monovalent and divalent ion concentrations in 95%
H2O/5% D2O; the RNA concentration was 0.75 mM. One-dimensionalA
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Fig. 1. Sequence and secondary structure of human tRNA
Lys
3 (left) showing m
nucleotides that pair with the primer binding site in HIV1 genomic RNA. (RNMR experiments were performed using either WET or Jump-Return
suppression of the H2O signal. NOESY experiments were performed
using shifted laminar pulse solvent suppression (SSNOESY) [64] with
mixing times of 50–150 ms, with delay times of 2 s. 1H–15N correlation
experiments were performed as either transverse relaxation optimized
(TROSY)-enhanced experiments for imino 1H/15N correlations, or as
CPMG-mediated transfers for amino 1H–15N correlations, with
WATERGATE H2O suppression [54,56].3. Results
Human tRNA
Lys
3 (Fig. 1) was prepared by transcription
using T7 RNA polymerase using standard methods in the lab-
oratory. We ﬁrst examined the ability of these tRNA tran-
scripts to fold into a correct tertiary structure. A large body
of prior experiments had demonstrated that unmodiﬁed tran-
scripts form folded, functional tRNA structures [65,66]. We
used imino 1H NMR to monitor the folding the tRNA in
the presence of low monovalent (10 mM Na phosphate, pH
6.5) and the absence of Mg2+. As seen in Fig. 2, the NMR
spectrum of tRNA
Lys
3 under these conditions shows the pres-
ence of multiple conformations. For example, ﬁve peaks of dif-
ferent intensities are observed, in the region of U imino 1H
resonances. The heterogeneity of the exchangeable proton
spectrum is not due to chemical heterogeneity or multimeriza-
tion, as shown by denaturing and native gel analysis (not
shown). Resonances that are consistent with formation of ter-
tiary structure (see below) were not observed. Addition of
100 mM NaCl did not lead to large changes in the imino 1H
spectrum. Thus, tRNA
Lys
3 forms multiple secondary structures
and no tertiary structure in the absence of Mg2+.
Addition of Mg2+ to 10 mM changes and simpliﬁes the imi-
no 1H spectrum of tRNA
Lys
3 (Fig. 2, top). The data are consis-
tent with one molecular species at >10 mM MgCl2. A TOCSY
experiment focused on pyrimidine H5/H6 correlations was
performed in H2O with WET water suppression and a
short (20 ms) TOCSY mixing time. These data (onlineA
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Fig. 2. Exchangeable imino proton NMR spectrum of human
tRNALys3 in low salt (0 MgCl2 10 mM Na phosphate, pH 6.5; bottom)
and high salt (10 mM MgCl2 100 mM NaCl, 10 mM Na phosphate,
pH 6.5). Data were acquired at 20 C using WET water suppression at
800 MHz.
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tainty due to overlap), which is consistent with the 38 pyrimi-
dines in the tRNA sequence. These data support folding of the
tRNA into its correct tertiary structure upon addition of Mg2+14.0 13.5 13.0 12.5
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Fig. 3. 1H–15N TROSY-enhanced HSQC of uniformly-15N-labeled tRNA
L
3
20 C. Data were acquired at 800 MHz; assignments of the imino protons aand conﬁrm that modiﬁed nucleotides are not needed for this
folding.
Heteronuclear NMR on a 15N-labeled tRNA
Lys
3 sample fur-
ther demonstrated formation of a folded tRNA
Lys
3 structure in
the presence of 10 mM Mg2+ (Fig. 3). The imino 1H–15N cor-
relations form a simple ﬁngerprint of the secondary structure
of the RNA, analogous to the 1D imino 1H spectrum. 15N
chemical shift dispersion for imino nitrogens of a given type
is poor, but distinguish uracil and guanine imino protons by
the 10–14 ppm diﬀerence in 15N shift. The imino 1H–15N spec-
trum reveals formation of a single major structure, with the
number of peaks consistent with formation of the standard
tRNA fold. The assignment of resonances (Fig 3), as discussed
below, conﬁrms the formation of the secondary structure of
the tRNA.
The imino proton NMR spectrum of folded tRNA
Lys
3 in 10
mM Mg2+ was assigned using standard homonuclear NOESY
experiments, and conﬁrmed by heteronuclear NMR presented
above. Imino protons in adjacent A-form helical base pairs are
within 4–5 A˚ and thus give nuclear Overhauser eﬀects (NOEs),
which are enhanced at long mixing times by spin diﬀusion
pathways through amino protons; standard shaped pulse
water suppression allows detection of imino proton resonances
and NOEs without signiﬁcant saturation transfer from water.
Fig. 4 shows a NOESY experiment obtained on tRNALys3 at
long mixing time to allow observation of the inter base-pair
NOES. The strongest NOE is observed between the two imino
protons of the G6–U67 base pair, which are close in space
(2.4A˚); this NOE is observed in short mixing time NOESYs
(50 ms), and provides a reference point for assignment of the
tRNA.
We were able to complete assignments for the acceptor-,
T- and anticodon-stems of tRNA with little diﬃculty. These
helical segments are standard A-form geometry, and our
assignment approach readily identiﬁed the base pairs in these
helices. Reference points included the G6–U67 pair in the 12.0 11.5 11.0 10.5
ical Shift (ppm)
U67
U55
0 G69
G5
G42
G6
ys
in 10 mM Mg2+, 100 mM NaCl, 10 mM Na phosphate, pH 6.5, at
nd 15N resonances are highlighted.
Fig. 4. NOESY spectrum of tRNA
Lys
3 in 10 mM Mg
2+, 100 mM NaCl, 10 mM Na phosphate, pH 6.5, which shows the region of imino 1H to imino
1H NOEs. Crosspeaks are labeled with the assigned NOEs, and resonances arising from diﬀerent stems of the tRNA are colored as indicated. Data
were acquired with a mixing time of 200 ms.
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pair in the T-loop. The Hoogsteen Pair was identiﬁed by a
strong U54(H3)–A58(H8) NOE, which is characteristic of this
pairing geometry. Interestingly, several imino proton reso-
nances from terminal base pairs in these stems were not ob-
served due to solvent exchange in the NOESY experiment.
The terminal A6–U66 pair of the acceptor stem is not detected,
despite coaxial stacking of the T and acceptor stems in the
folded tRNA structure. We also observed only a broad unas-
signed U resonance for one of the two imino protons in the
anticodon stem. This exchange behavior is typical for terminal
base pairs.
The D-stem and loop represent the key area of tertiary inter-
actions in folded tRNA [33]. To assign the resonances in the
D-stem, we took advantage of novel chemical shifts and NOEs
observed for exchangeable proton resonances in this region.
The U8–A14 base pair has an unusual downﬁeld chemical shift
(14.28 ppm) and is the starting point to assign the imino
resonances in this stem. The remaining imino resonances in
the D-stem were readily assigned through sequential NOEs
(Fig. 4), and include the C13–G22, U12–A23, C11–G24 and
G10–C25 pairs.
Formation of the major groove triples in D-stem that stabi-
lize the tRNA
Lys
3 tertiary fold is supported by the novel amino
proton and 15N chemical shifts observed for this stem
(Fig. 5A). Adenine amino resonances are normally broadened
by chemical exchange about the C–N bond, whereas cytosine
amino protons in Watson–Crick pairs usually give distinct res-
onances for hydrogen bonded (downﬁeld) and non-hydrogen
bonded protons [67–75]. The 15N–1H HSQC, focused on
amino 15N resonances, reveals the presence of novel shifted
residues that mark the tertiary structure of tRNA. The A23
amino resonance shows two distinct peaks for the individual
protons, indicating much slowed exchange behavior for this
amino group. The 1H (9.18/8.76) and 15N chemical shifts for
these resonances are signiﬁcantly downﬁeld shifted from nor-mal adenosine resonances. These shifts are characteristic of
formation of the A9 base triple in the major groove with
A23, involving hydrogen bonding of both amino protons of
A23. These observations are conﬁrmed by strong amino–ami-
no proton NOEs (online Supplementary data).
Additional base triples from the variable loop to G22–C13
and G10–C25 base pairs also form in folded tRNA structures.
Distinct chemical shifts for both the C13 and C25 amino proton
and 15N resonances are observed, consistent with the novel ma-
jor groove environment formed by these base triples. The C13–
G22–G46 base triple involves the imino proton face of G46.
The broad imino 1H resonance at 10.40 ppm gives very few
NOEs due to rapid exchange during the mixing time, but an
NOE to the amino protons of C13 at 6.60 and 8.8 are observed.
This supports the assignment of this resonance as G46 imino
proton. The proposed base triple with G10–C25 involves only
a single hydrogen bond with G45 amino, and thus we do not
observe novel NOEs that distinguish this triple.4. Discussion
tRNA conformation is readily probed by NMR and X-ray
crystallography. Prior crystallographic studies on modiﬁed,
natural tRNA
Lys
3 showed that this tRNA forms the canonical
cloverleaf conformation with the conserved set of tertiary
interactions [76]. Here, we explored whether unmodiﬁed tRNA
adopts the cloverleaf fold or alternate conformations using a
simple set of NMR experiments. Our goal here was not com-
plete, detailed structure determination, which requires far
more experimental and computational eﬀort for a 20–25 kDa
RNA.
Divalent ions strongly stabilize the canonical tRNA struc-
ture [24,25]. In the absence of Mg2+, with 100 mM NaCl, the
unmodiﬁed tRNA
Lys
3 transcript adopts a mixture of conforma-
tions, as shown by imino proton NMR data. Prior experiments
Fig. 5. (A) 1H–15N HSQC of the amino resonances in tRNALys3 in 10 mM Mg
2+, 100 mM NaCl, 10 mM Na phosphate, pH 6.5. Assigned resonance
pairs are indicated. (B) Three-dimensional structure of tRNA, highlighting the A9–U12–A23 base triple.
E.V. Puglisi, J.D. Puglisi / FEBS Letters 581 (2007) 5307–5314 5311on a number of tRNA systems have shown that modiﬁed
nucleotides are not essential for tRNA folding, but help stabi-
lize native structures at lower Mg2+ concentrations than re-
quired for folding of transcripts [66,77]. A similar eﬀect is
observed here for human tRNA
Lys
3 .
The simple set of NMR experiments that we have outlined
here qualitatively deﬁnes the conformation of tRNA. In the
presence of 10 mM Mg2+, 100 mM NaCl, the tRNA
Lys
3 tran-
script adopts a single, folded conformation at room tempera-
ture. The imino 1H, 15N and non-exchangeable 1H NMR
data, as expressed by rapidly-acquired 1D spectra as well as
2D-TROSY and TOCSY experiments, conﬁrmed formation
of a single major conformation. Simple NMR methods, using
a combination of homonuclear NOESY acquired at 100 and
50 ms mixing times, and heteronuclear correlation experiments
(TROSY at 18.8 T) allowed assignment of the imino protonresonances for the four tRNA helical stems using A-form con-
nectivity.
Central features of tRNA secondary and tertiary structure
are immediately evident from the NMR data. First, the G6–
U67 base pair is formed in the acceptor stem, and resonances
for only a single G–U pair is observed in NMR data. This
conﬁrmed the proper folding of the acceptor stem. Second,
we observe the U54–A58 reversed Hoogsteen pair that deﬁnes
the T-loop conformation; this pair is readily identiﬁed from the
strong imino to adenosine H8 NOE observed by NOESY and
conﬁrmed by aromatic correlation experiments. The reversed
Hoogsteen pair caps the T-stem, and we observe NOE connec-
tivities from it to the closing G53–C61 pair in the T-stem.
These observations conﬁrm formation of the correct T-loop
fold, but do not unambiguously demonstrate formation of
the correct tRNA tertiary structure.
5312 E.V. Puglisi, J.D. Puglisi / FEBS Letters 581 (2007) 5307–5314Major groove base triples in the D-stem form the core ter-
tiary interactions in the tRNA. NMR data presented here
show directly the formation of these key tertiary interactions.
First, we observe formation of the tertiary Watson–Crick pair
between U8 and A14, which caps the extended D-stem. The
following two Watson–Crick base pairs in the D-stem–C13–
G22 and U12–A23– are involved in major group base triples
in the canonical tRNA fold. The C13–G22 pair forms a triple
with G46 in the variable loop, with the Watson–Crick face of
G46 interacting with the major groove O6 and N7 of G22; we
observed strongly perturbed C13 amino 15N and 1H chemical
shifts that are diagnostic of the change in major groove envi-
ronment around this pair. The precise origins of these shift
perturbations remain unclear and await more detailed compu-
tational analysis.
Adenosine amino proton resonances are usually broadened
by intermediate chemical exchange through rotation about
the C–N bond [71,72,74]. However, for the A23–U12 pair we
observe two distinct resonances for the A23 NH2 resonances,
as a well as a perturbed, downﬁeld 15N chemical shift. These
features support formation of the base triple interaction be-
tween A9 and the A23–U12 base pair, in which the NH2
and N7 of A9 interact with the N7 and NH2 of A23
(Fig. 5B). The D-stem has previously been shown to be the
key point for cooperative folding of tRNA tertiary structure
and mutations that disrupt individual interactions destabilize
this region of tRNA [33].
These NMR experiments demonstrate formation of the
appropriate tertiary fold for transcribed tRNA
Lys
3 . By perform-
ing homonuclear and heteronuclear NMR, we have shown
that transcribed tRNA
Lys
3 adopts a normal tRNA tertiary
structure under high Mg2+. These results agree with prior med-
ium resolution crystallography on modiﬁed tRNA
Lys
3 . We are
currently pursuing high-resolution structural information on
this tRNA using state-of-the-art NMR spectroscopy.
To form the reverse transcription initiation complex,
tRNA
Lys
3 must undergo large-scale conformational rearrange-
ment, breaking the acceptor and T-stem base pairing. We ob-
serve no evidence for major population of alternate
conformers, suggesting that large barriers to initiation complex
formation exist.
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